Development of three-dimensional integrated microchannel-electrode system to understand the particles' movement with electrokinetics I. INTRODUCTION A manipulation of target cells is a critical technique in the regenerative medicine applications. 1 Most of the conventional methods such as fluorescence-activated cell sorting (FACS) 2 and magnetic-activated cell sorting (MACS) 3 are economically expensive and demand extraordinary precision to prevent cell deterioration. 4 An effective cell manipulation means that the cells should retain the biological function without any deterioration; however, most of these conventional methods use special biochemical markers (labels) on the cell surface which jeopardize the cell viability. Hence, the label free manipulation technique of the target cells which does not rely on biochemical marker is highly desirable for the effective cell manipulation. In the quest to develop a label free manipulation technique, various methods based on ultrasonic, 5 optical, 6 and electrical 7, 8 principles have been widely reported. The manipulation technique with electrical method uses electrokinetic forces to drive particles such as cells and fluid to realize the particles' movement. After voltage and electrical current are applied to electrodes, the particles are driven by the electrokinetic forces which are dielectrophoretic (DEP) force, thermal buoyancy, electrothermal force, and electroosmotic force. DEP force is one of the major forces in the electrical method. The DEP force exerting on the dielectric particles in non-uniform electric fields is widely used to manipulate the particles. [9] [10] [11] [12] [13] Conventionally, in the manipulation technique with electrical method using DEP force, the particles are immersed in low conductivity fluid. However, the low conductivity fluid is not consistent with the natural environment of cells which is highly conductive. In high conductive fluid, the particles only experience negative DEP force. Hence, it is difficult to manipulate the particles on the basis of switching frequency like in the case of low conductive fluid. Moreover, the particles' movement is also influenced by thermal buoyancy, electrothermal force, and electroosmotic force. Thermal buoyancy is generated by a phenomenon of physics where warm liquid is less dense than cool liquid, and thus, causes warm liquid to rise. The amount or "power" of thermal buoyancy depends upon the size of the temperature difference between the cold and warm fluid, and the height differential between where the cold fluid enters a space and where the warm fluid leaves. Increasing the temperature or increase the electric field strength and height differential increases the fluid movement due to thermal buoyancy.
14 Electrothermal force arises in fluid with non-uniform permittivity and conductivity. In this fluid, a local free charge distribution presents when Gauss's Law and charge conservation are satisfied simultaneously. The density of local charge under the applied electric field results in a non-zero body force on the fluid. 15 Electroosmotic force is generated from a fluid movement via a slip velocity around the electrode surface with electrical double layers (EDLs) in an AC electric field. 16 In microfluidic systems, a pressure-driven flow by electroosmotic force is often applied to deliver the sample or cells into the target region. 17 Exploiting the resultant effect of the combination of the above electrokinetic forces was used as field-flow fractionation (FFF) 18 by Kuczenski et al., 19 Gielen et al., 20 Wang et al., 21 and Yasukawa et al. 22 to manipulate the particles in two dimensional scope, while the electrokinetic forces generated from a simple two dimensional planner electrodes. The overall mechanism of these forces in 2D is straightforward. Alternatively, fabrication of 3-D microfluidic devices has been realized with 3-D printing technologies and direct internal 3-D laser writing methods, which was critically reviewed by O'Neill et al.; 23 however, it is difficult to employ these 3-D fabrication technologies to embed electrodes in the microfluidic devices, that means, the electrokinetic forces are difficult to be employed to manipulate the particles in 3 dimensions.
Currently, a multilayered electrodes microchannel with diamond cross-sections was fabricated by our laboratory 24 to measure the concentration distribution of cells in the microchannel; 25 however, the flow characteristics of particles in the multilayered electrodes microchannel were not fully understood because the diamond cross-sections block optic to measure the particles' movement. Therefore, a new type of cross-sections to transparent optics is totally necessary. Hence, to make a breakthrough of the limitation of 3-D particle manipulation by electrokinetic forces, the proper understanding of the particles' movement in 3-D scope with these electrokinetic forces under different fluid conditions needs to be thoroughly studied with an optical transparent multilayered electrodes microchannel. Furthermore, in the conventional cell manipulation technique, the cells are immersed in the low conductive fluid, which is not consistent with the natural environment of the cells which is highly conductive. To overcome this issue, the alternative would be to put the cells in the high conductive fluid so that the natural cell environment remains unchanged.
Therefore, this study is to develop an optical transparent 3-D Integrated MicrochannelElectrode System (3-DIMES) to understand the 3-D particles' movement in the microchannel with electrokinetic forces. To understand the particles' movement driven by the electrokinetic forces in high conductive fluid (phosphate buffer saline (PBS)) with the 3-DIMES, the velocities of particles' movement with one pair of the electrodes are measured three dimensionally by Particle Image Velocimetry (PIV) technique in PBS; meanwhile, low conductive fluid (deionized water) is used as a reference; Furthermore, to determine the dominant forces exerting on the particles, the velocities of particles due to the electrokinetic forces which are DEP force, thermal buoyancy, electrothermal force, and electroosmotic force are analysed theoretically. Finally, to fully understand the 3-D flow characteristics of the particles in the 3-DIMES observed in the experiments, the 4 types of the electrokinetic forces are discussed according to the experimental results.
II. CONCEPT AND FABRICATION OF THE 3-DIMES
We fabricated a system that is named as 3-DIMES for particle manipulation under optical transparency. In this system, multilayered electrodes are integrated in a microchannel with square cross-sections by using Micro Electro-Mechanical Systems (MEMS) technology. The concept is that the particles are manipulated by 3D electrokinetic forces generated from selecting the excitation electrodes among multilayered electrodes.
The 3-DIMES shown in Figure 1 (a) is composed of a microchannel integrated with platinum multilayered electrodes, a printed circuit board (PCB) pin connectors, and a holder. As shown in Figure 1(b) , the microchannel has three inlets, three outlets, and a main flow channel. The schematic diagram of the main flow channel is shown in Figure 1 The electrodes are integrated in the 3-DIMES using MEMS technology based fabrication, as shown in Fig. 3 . The fabrication is carried out in the following steps.
Step-1, a quartz substrate of L SL Â L SW Â L SH ¼ 40 mm Â 20 mm Â 0.11 mm with high transparency is prepared. Actually, glass is also proper to be substrate for the microchannel. However, to realize extensive applications (even in severe conditions) of the microchannel in the future, the quartz substrate is used. Though the quartz substrate is expensive, some advantages of the quartz substrate are also valuable to use, such as better transparency, high temperature resistance, wear resistance, especially chemical stability like good acid resistance, alkali resistance in the presence of chemical solvents.
Step-2, 5 grooves (18 electrode-integrated positions in the microchannel. The length of a rectangular cutting matches the span of the electrodes in the quartz substrate at each side of the microchannel.
Step-3, platinum vapour deposition to make platinum electrodes is carried out while keeping the substrate in intimate contact with shadow-mask.
Step-4, the mask is removed after precise vapour deposition on substrate.
Step-5, another quartz substrate is overlapped to the substrate having vapour deposition.
Step-6, the two quartz substrates are then compressed so that the platinum deposition is equally embedded in both of these substrates. The depth of the platinum deposition in each substrate determines the thickness t of an electrode.
Step-7, step-2 to step-6 are repeated to make four electrode layers within five quartz substrates.
Step-8, the microchannel is made by drilling the component made in step-7.
Step-9, additional substrate layers are added to cover the microchannel.
Step-10, three inlet and three outlet holes are made by drilling the component made in step-9.
Step-11, copper terminal is fixed in the terminal of the platinum electrodes. The copper terminals connect the platinum electrodes to PCB.
One significant application of the fabricated 3-DIMES is to manipulate the cells in 3 dimensions. The specific operation is like this: with different combinations of the excitation multilayered electrodes, different types of electric fields are generated, 25 correspond to various electrokinetic forces in 2 dimensions; furthermore, 5 cross-sections are used to manipulate the cells in the 3rd dimension. In the present experiment, as a first step to understand the particles' movement in high conductive fluid and to estimate the dominant forces exerting on the particles in the 3-DIMES, 2 electrodes are excited to understand the particles' movement in the microchannel, which provides a fundamental test for 3D manipulation in the next study.
III. EXPERIMENTAL EVALUATION OF THE 3-DIMES A. Experimental set-up
The experimental setup is shown in Figure 4 (a) which consists of 3-DIMES, an optical microscope (Eclipse LV100D; Nikon Instruments, Japan), a high-speed charge-coupled device (CCD) camera (Fastcam SA3; Photron K.K., Japan), a halogen lamp, a function generator, and a PC (Personal Computer). The x-component of the coordinate is opposite to the gravity direction, the y-component and the z-component represent the two directions of the plane (y-z plane) parallel to the ground. The 3-DIMES was placed along the gravity direction to make the main flow channel along the opposite direction of the x-component to eliminate the gravity influence on the particles' movement in the y-z plane in the cross-sections of the main flow channel. The optical microscope was equipped with a chrome-free (CF) infinity corrected objective lens (EPI SLWD; Nikon Instruments, Japan) with 20 magnifications. The CCD camera was used to take the images of the particles' movement inside the 3-DIMES through the microscope and the objective lens. The volume illumination of the particle fields was carried out using a halogen lamp that was embedded in the microscope. The function generator (33220A Function/Arbitrary Waveform Generator; Agilent Technologies, USA) was used for the supply of the AC electric field. As shown in Figures 4(b) and 4(c), the 3-D scope between the 2 electrodes was used for the analysis of particles' movement. One of the two electrodes (red one) is used for current injection, and another (black one) for the grounding. The origin of the coordinate O is at the bottom left corner of the electrode with current injection. The direction along the channel was termed as vertical length L x represented by x-component. The direction from electrodes toward the opposite side of the cross-sections was termed as horizontal length L y represented by y-component. L x ¼ 200 lm, L y ¼ 550 lm, and L z ¼ 100 lm; 10 measurement planes are focused to capture the particle images between z ¼ 0 lm and z ¼ 100 lm at the increment of 10 lm by axially translating the objective lens along the z-component. In the experimental results, the x and ycomponents' displacements are normalized as x/L x , y/L y , and z/L z on the basis of the electrode length. 
B. Experimental conditions and methods
The particles' movement velocity in two conductivity different types of fluids in the optical transparent 3-DIMES was quantitatively measured to evaluate the dominant electrokinetic forces. The specifications of dielectric particles are shown in Table I . The influence of the buoyancy and gravity on the particles is neglected, since the similar densities of the particles and the fluid. The Polystyrene particles were mixed separately with a volume concentration of 0.5% with the deionized water as the low conductivity fluid and PBS as the high conductivity fluid, as shown in Table I . The applied AC electric voltage with sinusoidal-wave peak to peak is V pp ¼ 10 V with frequency x/(2p) ¼ 10 MHz supplied by a function generator.
The vision depth of focus dz in measurement planes of the microscope objective lens was decided from diffraction, geometrical effects, and particles' size by
where g represents the refractive index of the fluid, N A represents the numerical aperture of the lens, k is the wavelength of light in a vacuum being imaged by the optical system, and d p is the particle diameter. Similarly, the depth of field d z of microscope objective lens was 10 lm obtained by Eq. (1) for g ¼ 1.33, k ¼ 532 nm, d p ¼ 3 lm, and N A ¼ 0.55. On the basis of this depth, 10 measurement planes were focused to capture the particle images between z/L z ¼ 0 lm and z/L z ¼ 1 at the increment of 10 lm by axially translating the objective lens along the z-component. The particle velocities u p were measured by cross correlation algorithm of PIV technique. [29] [30] [31] The particle images in the flow field are taken sequentially at the rate of 60 frames per second by the CCD camera, the shutter speed is 1/1000 s, the time-mean velocity vectors u p were obtained by processing the 20 successive particle images. 30 Resolution of each image was 1024 Â 1024 pixels. 
C. Experimental results

Particles' movement in low conductivity fluid
The time mean velocity vectors of the particles' movement u p ( ¼ u px þ u py ) in x 0 -y 0 plane at various z/L z between the two electrodes in the case of deionized water are shown in Figure 5 . The red line represents the electrode with current injection, and the other electrode for the grounding is not seen in this figure. The time-mean velocity vectors u p up to the length y/L y ¼ 0.6 are shown because the particles' movement beyond that position was sufficiently small. Most of the time-mean velocity vectors u p point toward y-component from the electrodes, and high intensity velocity vectors among them are induced near the electrode. So far as depth is concerned, it is observed that the y-component intensity is higher near the current injection electrode (i.e., z/L z ¼ 0.0 or 0.2), while it is lower as the depth is increased in the direction toward ground electrodes (i.e., z/L z ¼ 0.8). These observations are also consistent with the common understanding that the higher force region should be nearer to the current injection electrode. These results are explained as that the particles are driven away from the electrode due to the DEP force F DEP which is the dominant force. The other three velocities due to electrokinetics forces are quite small in low conductive fluid, which is explained in Sec. III D.
Particles' movement in high conductivity fluid
The time mean velocity vectors of the particles u p in x 0 -y 0 plane at various z/L z between the two electrodes in the case of PBS are shown in Figure 6 . As shown in the figure, the velocity vectors indicate positive x-component flow at all z/L z . However, the particles' movement pattern in terms of y-component is different at various z/L z as well as x positions. At z/L z ¼ 0, Figure 7 shows the spatial distribution of the direction and intensity of the x and y components of the velocities. Though the x-component of velocity is always upward (þx; i.e., opposite to the gravitational field), the intensity is lower at x/L x ¼ 0.5 than that at the edges of electrode. Similarly, the range of the spatial change of overall x-component intensity is higher at the y position away from the electrodes (Figure 7 (a) than in the y position near the electrodes (Figure 7(b) ). This is in line with the expectation that the DEP force near the electrodes contributes to the intensity of the y-component of the velocity, as observed in the case of deionized water, and influences the x-component velocities in the electrode vicinity.
The y-component of the velocity gradually decreases as depth z/L z is increased. The intensity is higher around the midpoint of the electrodes (x/L x ¼ 0.5) than at the edge of the electrodes (x/L x ¼ 0.0 or 1.0). It is strong to moderately positive (þy; i.e., towards the electrodes) before x/L x ¼ 0.5 and strong to moderately negative (Ày; i.e., from the electrodes) after beyond x/L x ¼ 0. intensity is higher, as expected due to strong DEP force, at the y position nearer to the electrode (Fig. 7(c) ).
The spatial distribution of u px and u py is compared in Figures 7(e) and 7(f). The y-component has lower values at deeper z/L z . In contrast, the overall u px has higher values at deeper z/L z . This indicates the continuity of mass flow in three-dimensional spaces and supports our earlier understanding that the three-dimensional flow exists between the electrodes if analyzed from the perspective of continuity of mass flow. This is particularly important because it is hard to decipher continuity if just observed in two-dimensional plane at certain z/L z .
In order to fully understand the particles' movement observed in the experiments, even to clarify the dominant force exerting on the particles, the theoretical discussion of the particle and fluid movement by electrokinetics is conducted next. Table II as u TB and u ET.
D. Discussion of the velocities due to dominant electrokinetic forces
The theoretical magnitude of the velocities is summarized in Table II of Appendix, and the theoretical comparisons among different kinetic forces are drawn in Figure 8(a) . The velocities due to thermal buoyancy F TB and electrothermal force F ET are much higher than the other two forces F DEP and F EO . The velocities of the fluids' and particles' movement are quantitatively drawn in Figures 8(b) and 8(c) .
The particles' movement in three different directions (i.e., þx, þy, and Ày directions) is broadly explained in terms of four different forces. The velocity u TB for PBS induced by thermal buoyancy F TB directs the particles toward the opposite direction of gravity, while the velocity u TB is quite small even negligible for water due to the low conductivity r w . Hence, this force contributes to the þx component of the velocities in our case. Hence, the remaining flow toward the electrode (Ày direction) is due to u ET induced by electrothermal force F ET . For example, if the thermal buoyancy F TB is the sole cause of the particles' movement in the þx directions, the x-component velocity should have gradually increased or be at least same as x position increases from x/L x ¼ 0.0 to x/L x ¼ 1.0. However, the discontinuity in the pattern of the x-component near x/L x ¼ 0.5 reveals the particles' movement towards the y direction and z direction. This movement is possible from u TB and u ET , comparatively, which are too small in low conductive fluid as in Figure 5 . Furthermore, the velocity vortex appears at the two edges of the electrode due to u EO induced by the electroosmotic force F EO . Near the electrode (r < 25 lm), the velocity is higher than other places, because of the higher voltage and the effect of u DEP induced by the DEP force F DEP in the vicinity of the electrode. In this way, the velocity vector patterns show characteristic three dimensional particles' movement structure between the pair of the electrodes in PBS. These particles' movement structure is possible by the combination of u DEP , u TB , u ET , and u EO . These characteristics of 3-D particles' movement from the experiments suggest that the 3-DIMES with PBS as high conductive fluid helps to understand the three-dimensional flow structures for cell manipulation in biomedical applications.
IV. CONCLUSIONS
A 3-DIMES has been developed in order to understand the particles' movement in the microchannel using electrokinetic forces. The main results are concluded as follows.
(1) A 3-DIMES was successfully fabricated with MEMS technique which has three inlets, three outlets, and a microchannel with integrated multilayered electrodes. The microchannel has 5 square cross-sections, each cross-section has 8 electrodes with 4 electrodes embedded in the 2 opposite sides of the cross-section and the other 2 opposite sides realize the optical transparency. This 3-DIMES is applicable to study the particles' movement with AC electrokinetics and PIV technique. (2) The velocities of particles' movement in the 3-DIMES were measured 3 dimensionally at various depths by axially translating the objective lens with PIV technique. The particles' movement due to AC electrokinetics forces is fluid conductivity-dependent which is quite small when the fluid conductivity is low, and vice versa. (3) The particle velocities induced by electrokinetics forces, which are DEP force, thermal buoyancy, electrothermal force, and electroosmotic force, were discussed theoretically from a point view of magnitude and directions. The thermal buoyancy and the electrothermal force are found as the dominant forces exerting on the particles in the 3-DIMES from the theoretical calculations for high conductive fluid. (4) The characteristics of the particles' movement from the experimental results were explained with the theoretical calculation results. The velocity towards to the electrode along the opposite gravity is much higher than those along other directions due to the dominant forces which are thermal buoyancy opposite the gravity and electrothermal force toward to the electrode. The velocity vortex is formed at the 2 edges of the electrodes because of the electroosmotic force. The DEP force becomes quite small even negligible when the distance is more than 25 lm.
The 3-DIMES has great ability to generate systematic three dimensional flow structures using the switching combination of the electrodes to control the cells or the particles in the microchannel and offers effective microchannel/electrode arrangement to study the complex nature of the particle/cell manipulation in microfluidics. Though further investigation of various forces acting together is required, the developed system is an effective platform to shed the light on the study of the various phenomena of the particles' movement under AC electric field in the microchannel. This ultimately results to the effective and high throughput cell manipulation technology for biomedical applications.
APPENDIX: CALCULATION OF VELOCITIES DUE TO ELECTROKINETIC FORCES
The particles' movement in the 3-DIMES is determined by the four electrokinetic forces which are DEP force (F DEP ), thermal buoyancy F TB , electrothermal force F ET , and electroosmotic force F EO , corresponding to 4 velocities which are the particle velocity induced by DEP force u DEP , the fluid velocity induced by thermal buoyancy u TB , the fluid velocity induced by electrothermal force u ET , and the fluid velocity induced by electroosmotic force u EO , as shown in Figure 9 . O 0 is the centre point of the 2 electrodes in y-z plane, r is the distance away from O 0 . The direction along r from O 0 is defined as plus. Because the total force F Total exerting on the particle includes F DEP and the Stokes' forces due to the fluid flow velocity (u TB , u ET , u EO , and u p ), F Total is expressed by
The theoretical analysis of these 4 velocities is conducted later.
1. Particle velocity u DEP induced by DEP force F DEP
The particle velocity u DEP induced by DEP force F DEP is calculated by assuming that the particle only experiences DEP force in a laminar fluid flow with low Reynolds number Re < 1. 32 The direction of F DEP is determined by the positive or negative value of Re[K(x)]. 12 Considering that jE RMS j ¼ U RMS /pr with the effective potential between the two electrodes and particle distance r from the center O 0 of the two electrodes' surfaces as described in Figure 9 , the magnitude of the particle velocity u DEP is given by 
Because a large voltage drop from the applied voltage V to the effective potential U between the two electrodes, U RMS ¼ 0.35 V is estimated assuming that the particles only experience DEP force in the experimental results in Figure 5 . After using the data in Table I , the magnitude of particle velocity in the fluids from the experimental conditions is calculated. Negative F DEP exerting on the particles in both fluids which means the particles are driven away from the electrode or toward the regions of low electric field strength due to F DEP under non-uniform electric field. The magnitude of the particle velocity u DEP is inversely proportional to the third power of the distance r from the electrode center O 0 .
2. Fluid velocity u TB due to thermal buoyancy F TB
The fluid velocity u TB induced by thermal buoyancy force is governed by Navier-Stokes equation combining with the buoyant effect generated from the local fluid temperature change dT. 33 The fluid velocity u TB is expressed in Navier-Stokes equation under the assumption of neglecting the pressure gradient term and the viscosity term, considering the convection term ðu TB Á rÞu TB ¼ ÀbdTg:
From the left term of Equation (A3), the magnitude of the velocity u TB is approximately estimated considering the vertical distance r in Figure 9 . 34 Under the experimental condition, using the data in Table I , the velocity induced by thermal buoyancy from Eq. (A3) is calculated. 
F ET consisting of Coulomb force and dielectric force of the fluid. 33, 36 In consequence, the velocity induced by electrothermal force is calculated as in Table II. 4. Fluid velocity u EO induced by electroosmotic force F EO The fluid velocity u EO induced by electroosmotic force F EO is generated in the EDL near the wall of the 3-DIMES, which is governed by the balance between the Coulomb force and the viscosity force in the fluid after assuming that the unsteady term, the convection term, and the pressure gradient of incompressible Navier-Stokes equation are neglected because of quite low Reynolds number of u EO in the 3-DIMES, Helmholtz-Smoluchowski equation is obtained as
Using the data in Table I , the velocity is calculated. Since the direction of the AC electroosmotic force is independent of the electric field direction, the AC electroosmotic results in a unidirectional flow. The magnitude of the u EO is quite small comparing to other velocities. However, the velocity vortex is predicted to appear at the two edges of the electrode under the present experimental conditions based on the experimental results of this paper and other researchers, such as Liu et al. (2015) . 17 
